Abstract: Diabetes mellitus (DM) is a common complication of chronic pancreatitis (CP) and increases the mortality. The identification of risk factors for DM development may contribute to the early detection and potential risk reduction of DM in patients with CP.
INTRODUCTION

C
hronic pancreatitis (CP) is a progressive disease with inflammation and destruction of the pancreatic parenchyma. 1, 2 Decrease in beta cells and insulin resistance contributes to diabetes mellitus (DM), which accounts for 26% to 41% in the natural course of CP. [3] [4] [5] [6] [7] [8] The micro-or macrovascular damage secondary to DM is a major threat for CP patients, increasing the mortality. 9, 10 Referred to as brittle diabetes, DM secondary to CP (type 3c DM) is characterized by frequent episodes of hypoglycemia, which is difficult to control and affects quality of life of patients with CP. 11 In this sense, type 3c DM warrants much more attention nowadays.
Identification of CP patients at high risk of developing DM contributes to early detection of DM, therefore decreasing DMassociated complication rates and mortality in the long term. 12 CP patients with different lifestyles, genetic background, clinical manifestations, and medical interventions may have different risks of developing DM. 11, 13 Several studies have confirmed alcoholism and distal pancreatectomy as independent risk factors for DM development in CP patients. 3, 4 Studies also showed that type 3c DM may share common risk factors with type 1 and type 2 DM. 11 The identification of risk factors may contribute to risk stratification of CP patients, therefore providing better guidance on screening interval for DM monitoring, and evidence for lifestyle modifications and therapy selection.
We therefore established a large cohort with a long duration of follow-up. We aimed to determine the cumulative rates of DM after the onset of CP, and identify risk factors for DM development after the diagnosis of CP.
MATERIALS AND METHODS
Patients and Database
Since the 1990s, an electronic medical record system (Goodwill Inc, Beijing, China) has been used in Changhai Hospital (Shanghai, China), which has facilitated several studies on CP. 14 -18 To track changes consistently throughout the course of CP and facilitate the evaluation and study of CP, a dedicated database, Changhai Chronic Pancreatitis Database (version 2.1, Yinma Inc, Shanghai, China), was established in 2005 to collect clinical data of CP patients who were admitted to Changhai Hospital. Data from January 2000 to December 2004 were retrospectively collected according to the electronic medical record system and complemented through telephone, letter, and e-mail inquiries. Data were prospectively collected since January 2005. The following information was documented in detail: demographic data (age, sex, birthplace, etc), course of diseases and medication history, smoking and alcohol history, family history, experimental and imaging results, and treatment.
The database was set to remind the investigators to call patients for clinical checkups. Aside from visits owing to complaints of discomfort related to CP, all patients were periodically (annually at least) contacted for clinical and instrumental re-checkups. Ultrasound, computed tomography (CT), or magnetic resonance imaging (MRI) was selected as an evaluation modality during each follow-up visit. An evaluation of each revisit or evaluation via telephone inquiries for patients who did not return to Changhai Hospital was added to the database. In December 2013, we contacted all the patients in our database, except those who died or were lost to follow-up for a final evaluation. The duration of follow-up is defined as the duration from the onset of CP to the end of follow-up (December 2013), last personal contact, or death, whichever came first.
Exclusion criteria were as follows: pancreatic cancer diagnosed within 2 years after the diagnosis of CP, 16, 19 groove pancreatitis (GP), and autoimmune pancreatitis (AIP). 20 In the present study on DM development in CP patients, the following patients were further excluded: those with a family history of insulin-dependent DM in first-/second-/third-degree relatives and those whose insulin-dependent DM was diagnosed over 2 years before the onset of CP. 3, 17 The study was approved by the Ethics Committee of Changhai Hospital, Second Military Medical University, Shanghai, China, according to the Helsinki Declaration. Written informed consent was obtained from all participating patients. All of the diagnostic and therapeutic modalities were carried out in accordance to the approved guidelines.
Definitions
The diagnosis of CP was established according to the AsiaPacific consensus. 21 Alcoholic CP was considered when alcohol intake exceeded 80 g/day for males or 60 g/day for females for at least 2 years in the absence of other causes. 17, 22 Hereditary CP refers to 2 first-degree relatives or !3 second-degree relatives, in !2 generations with recurrent acute pancreatitis and/or CP, for which there were no precipitating factors. 5 Although it remains a controversy whether abnormal anatomy of pancreatic duct (including pancreas divisum and anomalous pancreaticobiliary junction) is a cause of CP, we defined it as an etiology. 23 Patients were defined as having post-traumatic CP when there was a history of abdominal trauma with imaging evidence of pancreatic injury and subsequent ductal dilation. Hyperlipidemia is considered as an etiology when blood triglyceride is >1000 mg/dL. 24 Patients with CP were considered idiopathic when none of the above causes were found.
DM was diagnosed according to the criteria of the American Diabetes Association. 25 In cases of DM diagnosed within 2 years before the symptomatic onset of CP, DM was considered as the initial manifestation of painless CP, and the corresponding time of DM diagnosis was considered as that of the onset of CP.
Treatment Strategy
As a tertiary referral center, Changhai Hospital has an annual volume of >800 CP patients for diagnosis and treatment from all over China. In our center, endoscopic treatment was taken as principle methods before surgery: extracorporeal shockwave lithotripsy (ESWL)/endoscopic retrograde cholangiopancreatography (ERCP) for stone removal and main pancreatic duct drainage, 15, 26, 27 whereas surgery, for example, pancreaticoduodenectomy, distal pancreatectomy, and surgical drainage, is a supplementary modality. For CP patients who did not experience pain, interventions were performed only when complications such as biliary stricture, pancreatic portal hypertension etc had occurred, whereas DM and/or steatorrhea was not an indication for invasive treatment of CP.
Statistical Analysis
Continuous and categorical variables were presented as mean AE standard deviation (SD) and counts (percentages), respectively. Student t test or Mann-Whitney U test was used as indicated for continuous variables. x 2 test or Fisher exact test was used as indicated for categorical variables. Cumulative rates of DM after the onset of CP were calculated by using the Kaplan-Meier method. After further exclusion of CP patients whose DM were diagnosed before/at the diagnosis of CP, risk factors for DM development after the diagnosis of CP were identified by multivariate analysis using Cox proportional hazards regression model including factors with a significance level of P < 0.10 based on univariate analysis, in which the following 15 factors were included: age at the onset of CP, age at the diagnosis of CP, male sex, alcohol abuse, smoking, abnormal anatomy of pancreatic duct, hereditary CP, pancreatic diseases in first-/second-/third-degree relatives (excluding hereditary CP), steatorrhea, pancreatic stones, biliary stricture, pancreatic pseudocysts, abdominal pain, severe acute pancreatitis, treatment strategy (conservative treatment, ERCP/ESWL, pancreaticoduodenectomy, distal pancreatectomy, surgical drainage, other surgical treatment). Hazard ratios (HRs) and 95% confidence intervals (CIs) were calculated. Data were analyzed by using SPSS 18.0 (SPSS Inc, Chicago, IL). All statistical tests were 2-sided. Statistical analyses were conducted at a significance level of 0.05 for all analyses.
RESULTS
General Characteristics of Study Subjects
As shown in Figure 1 , from January 2000 to December 2013, a total of 2287 CP patients were entered in the Changhai Chronic Pancreatitis Database. After exclusion of 134 patients, which consists of 16 patients diagnosed with pancreatic cancer within 2 years after the diagnosis of CP, 10 patients diagnosed with GP, and 108 patients diagnosed with AIP, a cohort of 2153 patients with CP was established. After further exclusion of 142 patients in the present study on DM development in patients with CP, which consists of 134 patients with a family history of insulin-dependent DM, and 8 patients whose insulindependent DM was diagnosed over 2 years before the onset of CP, a total of 2011 patients with CP were finally enrolled in our study.
The general characteristics of the 2011 patients with CP are presented in Table 1 . The median duration from the onset of CP to the diagnosis of CP was 2.1 years (mean 4.7 years), whereas the median duration from the onset of CP to the appearance of pancreatic stones was 3.2 years (mean, 5.6 years). Idiopathic CP Table 1 , CP patients with DM differed from those without DM in the following aspects: age at the onset of CP, age at the diagnosis of CP, male sex, alcohol abuse, smoking history, etiology, steatorrhea, biliary stricture, pancreatic pseudocysts, abdominal pain, and overall treatment strategy. No significant differences between these 2 groups were detected in terms of pancreatic diseases in first-/second-/ third-degree relatives (excluding hereditary CP), pancreatic stones, and severe acute pancreatitis.
Cumulative Rates of DM After the Onset of CP
DM developed in 28.0% (564 patients) of the 2011 eligible patients after the onset of CP, with a median follow-up duration of 22.0 years (95% CI, 19.9-24.1). In detail (Figure 2) 
Risk Factors for DM Development After the Diagnosis of CP
Among the 2011 patients enrolled, we further excluded 316 patients who were diagnosed with DM before or at the diagnosis of CP to arrive at 1695 patients without DM at the diagnosis of CP, who were included in the risk factor analysis.
Univariate analysis of the risk factors for DM development is shown in Table 2 . The risks of developing DM were significantly higher in patients with older age at the onset (HR, 1.01; 95% CI, 1.01-1.02; P < 0.001) or diagnosis (HR, 1.02; 95% CI, 1.01-1.03; P < 0.001) of CP, respectively. Male was associated with a higher risk of DM than female (HR, 1.73; 95% CI, 1.28-2.33; P < 0.001). CP patients with history of alcohol abuse or smoking carried a 2.0-fold (HR, 1.96; 95% CI, 1.49-2.57; P < 0.001) or 1.4-fold (HR, 1.37; 95% CI, 1.05-1.77; P ¼ 0.02) increase in DM risk, respectively. CP patients with steatorrhea (HR, 1.36; 95% CI, 0.94-1.96; P ¼ 0.10), biliary stricture (HR, 2.33; 95% CI, 1.60-3.39; P < 0.001), or pancreatic pseudocysts (HR, 1.61; 95% CI, 1.07-2.42; P ¼ 0.02) were associated with a higher risk of developing DM than those without corresponding concomitant condition at the diagnosis of CP. Compared with CP patients receiving conservative treatment, those receiving endotherapy (ERCP/ESWL) did not benefit a decrease in subsequent DM risk (HR, 0.91; 95% CI, 0.65-1.26; P ¼ 0.57), whereas those receiving pancreaticoduodenectomy (HR, 1.93; 95% CI, 1.21-3.06; P ¼ 0.01) or distal pancreatectomy (HR, 3.26; 95% CI, 1.77-6.00; P < 0.001) had a significantly higher risk of developing DM.
For multivariate analysis, the following 9 predictors were included in Cox proportional hazards regression model: age at the onset of CP, age at the diagnosis of CP, male sex, alcohol abuse, smoking, steatorrhea, biliary stricture, pancreatic pseudocysts, and treatment strategy. Finally, 5 independent risk factors for DM development were identified: male sex (HR, 1.51; 95% CI, 1.08-2.11; P ¼ 0.02), alcohol abuse (HR, 2.00; 95% CI, 1.43-2.79; P < 0.001), steatorrhea (HR, 1.46; 95% CI, 1.01-2.11; P ¼ 0.047), biliary stricture (HR, 2.25; 95% CI, 1.43-3.52; P < 0.001), and distal pancreatectomy (HR, 3.41; 95% CI, 1.80-6.44; P < 0.001).
DISCUSSION
DM is a common complication of CP, with a prevalence ranging from 26% to 41% according to previous reports. [3] [4] [5] [6] [7] [8] In the present study, 28% of patients with CP developed DM, which is comparable with previous studies. Our study is consistent with previous studies in risk factors such as alcoholism 3, 4 and distal pancreatectomy. 3 Nevertheless, with recruitment of 2011 patients (4.5 times in number of our previous study in 2011 17 ) and much longer duration of follow-up (22.0 vs 7.3 years in 2011), our study identified 3 new risk factors for DM: male sex, steatorrhea, and biliary stricture.
Male sex was identified to be a risk factor for DM development in CP patients (HR, 1.51; 95% CI, 1.08-2.11). We also observed a positive correlation between alcohol abuse and DM occurrence in CP patients (HR, 2.00; 95% CI, 1.43-2.79). Alcoholic cause is the most common etiology of CP in western countries, 28 whereas it constitutes 19% in our singlecenter cohort. As suggested by many previous studies, preexisting asymptomatic pancreatic damage might be amplified and accelerated by alcohol intake, therefore increasing the risk of developing DM in CP. 29 The effect of smoking on DM development in patients with CP is inconsistent among previous studies. Maisonneuve et al revealed that the risk of DM was higher in CP patients who were smokers than non-smokers, even independent of alcohol consumption. 30 Experimental results revealed that smoking might lead to insulin resistance in peripheral tissues, 31 and elevated level of catecholamines due to smoking might also cause insulin resistance. 32 However, Imoto et al concluded that smoking did not affect DM development. 33 In our study, we did not find smoking as a risk factor for increasing the risk of DM in CP, though a significant difference in DM development was only found between smokers and non-smokers in univariate analysis (P ¼ 0.02).
Steatorrhea was identified to be associated with an increased risk of developing DM (HR, 1.46; 95% CI, 1.01-2.11). The fibro-inflammatory damage of the pancreatic parenchyma in CP causes not only DM but primarily pancreatic exocrine insufficiency (PEI). 34 The close correlation between steatorrhea and DM revealed by our risk factor analysis could also be explained by the impaired incretin system caused by food maldigestion in the context of PEI, as the lower level of incretin causes decreased secretion of insulin. 35, 36 Moreover, as calcium is necessary for insulin secretion, fat-soluble vitamin D malabsorption and deficiency caused by steatorrhea affects calcium absorption and utilization, thus contributing to DM and poor glycemic control. 37, 38 The finding of a positive correlation between biliary stricture and DM in CP may attest that the onset of DM in patients with CP is mainly caused by progression of the disease.
Multivariate analysis showed that distal pancreatectomy was the only treatment option associated with an increased risk of developing DM in CP, with a 3.4-fold increase. This is in accordance with previous studies, 39, 40 and is further confirmed by a recent systematic review reporting a rate of 39% for newonset DM after distal pancreatectomy. 41 The relatively enriched distribution of islets in distal pancreas and the additional surgical resection based on pre-existing fibroinflammatory destruction of pancreatic parenchyma offer possible explanations. 42 The finding that endoscopic treatment by ERCP/ ESWL was not associated with an increased/decreased risk of DM development is also consistent with previous studies. 43 Interpretation of the identified risk factors is 2-fold. First, DM monitoring (eg, fasting glucose and HbA1c) in high-risk individuals (those with one or more risk factors) should be more frequent than ''average-risk'' individuals (those without identified risk factors). The most recent consensus statement released at PancreasFest 2012 recommended an annual screening for DM in patients with CP. 11 In the context of our findings, the screening interval for DM should be further individualized with consideration of the number of risk factors each individual has. Those with more risk factors should be screened more frequently with a screening interval <1 year. Second, the identification of modifiable risk factors provides evidence for guiding clinical practice and patient education. For example, lifestyle modifications such as alcohol abstinence, as recommended for CP patients, have been further confirmed by identifying alcohol abuse as a risk factor for DM. The potential correlation between pancreatic exocrine insufficiency (steatorrhea) and endocrine insufficiency (DM) suggests that pancreatic enzyme supplementation may help postpone or probably reduce the risk of DM development, though further investigations are warranted. Moreover, as a strong risk factor for DM development, distal pancreatectomy should be avoided unless necessary.
There are several limitations of our study. First, the observational study design (cohort study) is inherent to selection bias, 44 even though the adjusted HRs and 95% CIs were calculated in multivariate analysis using Cox regression model. Second, the inclusion of retrospective cohort introduced recall bias. 44 Nevertheless, statistical analysis showed that there was no significant difference between the clinical characteristics of patients admitted before and after January 2005. In this sense, the recall bias minimally influenced the results of the study. Third, our study failed to distinguish DM secondary to CP (type 3c DM) from type 1 or type 2 DM. We had made efforts to exclude patients diagnosed with DM over 2 years before the onset of CP, and in fact, in most cases of DM occurring in patients with CP, the diagnosis is type 3c.
In conclusion, the risk of developing DM in patients with CP is not only influenced by the development of biliary stricture and steatorrhea indicating disease progression, and inherent nature of study subjects such as male sex, but also by modifiable factors including alcohol abuse and distal pancreatectomy. This provides additional suggestions and evidence for early detection and probable risk reduction of DM in patients with CP.
